Previous studies have shown that opioid transmission plays an important role in learning and memory. However, little is known about the course of opiate-associated learning and memory deficits after cessation of chronic opiate use in a behavioral animal model. In the present study, we examined the effects of chronic morphine on fear extinction, an important preclinical model for behavior therapy of human anxiety disorders. Rats were administrated subcutaneously morphine hydrochloride or saline twice per day for continuous 10 days. Rats received a cued or contextual fear conditioning session 7 days after the last morphine injection. During subsequent days, rats received four cued or contextual extinction sessions (one session per day). Percent freezing was assessed during all phases of training. Chronic morphine did not affect the acquisition of cued fear response or the initial encoding of extinction memory within each session, but produced an impairment in the between-session extinction. However, the same morphine treatment schedule did not affect the acquisition or extinction of contextual fear response. These results suggest that the effects of chronic morphine on memory for fear extinction are complex. Chronic morphine selectively impairs extinction of cued fear response. This deficit in fear extinction may be one of those critical components that contribute to the high prevalence of anxiety disorders in opiate addicts.
INTRODUCTION
There is increasing evidence that opioid receptors play an important role in learning and memory (Vaccarino et al, 1998) . For example, acute administration of opioid receptor agonists inhibits the acquisition of memory in several models, such as y-maze discrimination (Castellano, 1975) , active or passive avoidance (Izquierdo, 1979) , and operant tasks (Bruins Slot and Colpaert, 1999) . Administration of opioid receptor antagonists facilitates retention of aversive conditioning in passive avoidance tasks (Introini-Collison et al, 1989; McGaugh and Baratti, 1985) and prevents the amnestic effects induced by several experimental manipulations (Collier et al, 1987; Kameyama et al, 1986; Rudy et al, 1999) . In a Pavlovian fear conditioning paradigm, fear conditioning increases the transcriptional activity of opioidcontaining neurons in the amygdala (Petrovich et al, 2000) . Acute administration of opioid antagonists facilitates the acquisition (Fanselow and Bolles, 1979; Young and Fanselow, 1992) and prevents the extinction (McNally and Westbrook, 2003) of fear conditioning.
Chronic exposure to opiates eventually leads to drug addiction. Drug addiction is associated with adaptive changes in the neural systems related to learning and memory (Kelley, 2004) . Although great advances have been made in the cellular mechanisms of tolerance and dependence to opioids (Bailey and Connor, 2005) , little is known about the course of learning and memory deficits after cessation of chronic opiate use in behavioral animal models (Pu et al, 2002; Sala et al, 1994; Spain and Newsom, 1991) . In humans, opiate addiction is usually associated with cognitive impairments such as poor impulse control, planning, memory, and decision-making (Chastain et al, 1986; Franken et al, 2000; Grant et al, 2000; Guerra et al, 1987; Lee and Pau, 2002; Strang and Gurling, 1989; Stout and Farrell, 2002) . This impairment has been suggested to contribute to the relapse of opiate addiction (Gossop et al, 2002) .Thus, understanding the cognitive changes that occur in chronic opiate use may help in developing treatments for opiate addiction.
Pavlovian fear conditioning has long been an important model of associative learning. In this paradigm, subjects are trained by pairing a cued or contextual conditioned stimulus (CS) with a footshock unconditioned stimulus (US). After repeated trainings, the CS comes to elicit conditioned fear responses such as freezing, increased startle reflexes, and behavioral response suppression. Repeatedly presenting the CS without the US can lead to a progressive reduction in the response to the CS. This process is known as extinction. Although our knowledge of the neural mechanisms for fear extinction remains incomplete, fear extinction in general is considered to be an important preclinical model for behavior therapy of human anxiety disorders (Barad, 2005) . Clinically, several studies have demonstrated a high prevalence of mood disorders among substance abusers, such as anxiety (De Graaf et al, 2003) , major depression (Kelly et al, 2003) , and bipolar disorders (Brown et al, 2001) . However, its underlying neural mechanism remains unclear. In the present study, we explore whether chronic morphine administration impairs fear extinction in behavioral rats. This study may make a contribution to some extent to our knowledge of mechanism underlying mood disorders associated with opiate use.
MATERIALS AND METHODS

Subjects and Chronic Daily Morphine Treatment
The subjects were 60 adult male Sprague Dawley rats (275-300 g) obtained from the Laboratory Animal Center of Nanhua University, Hengyang, Hunan, China. After arrival, the rats were housed individually in a temperatureand humidity-controlled environment with ad libitum access to food and water. Animals were maintained on a 12 h light/ dark schedule, with lights on at 0700 hours. After being housed, the rats were handled (2-3 min per rat per day) for 1 week to habituate them to the experimenter. Experiments were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and experimental protocols were approved by the Nanhua University animal care and use committee. Animals were chronically treated by subcutaneous injection of morphine hydrochloride twice per day at 12 h intervals for 10 days. The incremental dose was 5 mg/kg per day from 5 mg/kg on day 1 to 50 mg/kg on day 10. Control rats were treated similarly, except that normal saline was used.
Behavioral Apparatus
Cued fear conditioning and extinction training were conducted in two different observation chambers (Shanghai Jiliang Software Technology Co. Ltd, Shanghai, China): context A and context B. For context A, the chamber (40 Â 40 Â 50 cm 3 , without ceiling) was situated in a soundattenuating cabinet (50 Â 50 Â 60 cm 3 ), which was located in a brightly lit and isolated room. Illumination was provided by a 15 W white house light mounted on the ceiling of cabinet, and a 65 dB background noise was supplied by a ventilation fan in the cabinet. The walls of the chamber were constructed of black opaque Plexiglas. White round figures (5.5 cm in diameter), spaced 3 cm apart, were affixed to walls of the chamber. The floor of the chamber consisted of 25 stainless steel rods (5 mm in diameter) spaced 1.5 cm centerto-center that were connected to a shock source and solidstate grid scrambler for the delivery of footshock USs. Acoustic CSs were presented by a speaker mounted on the ceiling of cabinet. Stimulus presentations were controlled by a custom written computer program. The chamber was washed with a 5% ammonium hydroxide solution between each subject before habituation, fear conditioning, and extinction training. Before the rats were placed in the chamber, a stainless steel pan, which contained a thin film of the same solution, was placed underneath the grid floors to provide a distinct odor. Context B consisted of the same chamber used for context A. However, the ventilation fan in the cabinet and all of the room lights were turned off. A television playing static provided a 65 dB white noise. White upright stripes (3 cm in width), spaced 4.5 cm apart, were affixed to walls of the chamber. The floor of the chamber was covered with a smooth black plastic sheet. The chamber was washed with a 100% ethanol solution between each subject before habituation, conditioning, and extinction training. Before the rats were placed in the chambers, a stainless steel pan, which contained a thin film of the same solution, was placed underneath the grid floors to provide a distinct odor. For contextual fear conditioning, and extinction training, a behavioral apparatus identical to context A was used.
Behavioral Procedure Experiment 1. In experiment 1, we tested the effects of chronic morphine administration on the acquisition and extinction of cued fear response. The behavioral procedure involved three phases: habitation, fear conditioning, and extinction training. During habitation phase, from the fourth day to the sixth day after the cessation of last morphine or saline injection, rats were taken from their home cages and transported to both context A and context B for 30 min each on each of 3 consecutive days without stimuli presented to habituate them to both contexts. Twenty-four hours after the last habitation session (day 0, fear conditioning phase), rats received a conditioning session. Rats were transported from their home cages to context A to receive six tone-footshock conditioning trials (tone: 4 kHz, 80 dB, 30 s duration; shock: 0.3 mA, 0.5 s duration; CS-US co-terminating) beginning 3 min after being placed in the chamber. The average intertrial interval was 60 s (range, 30-90 s). Thirty seconds after the final shock, the rats were returned to their home cages. Twentyfour hours after fear conditioning session (days 1-4, extinction training phase), rats received four extinction training sessions (one session per day). During each extinction session, rats received 10 tone alone presentations (4 kHz, 80 dB, 60 s duration) 3 min after placement in context B. The average intertrial interval was 60 s (range, 30-90 s). Thirty seconds after the final tone presentation, rats were immediately placed in their home cages.
Percent of time spent freezing was used to measure conditioned response during fear conditioning and extinction training phases. Freezing is the absence of all movements except those related to respiration. The total time spent freezing during each tone presentation was scored with a digital stopwatch from digital videos. Observers scoring freezing were blind with respect to the experimental groups. Also, we recorded the time spent freezing during the first 29.5 s duration of the first tone presentation on conditioning session, and during 3 min duration before the first tone presentation on conditioning session and each extinction session as a measure of nonspecific freezing responses to tone and context itself, respectively. Experiment 2. Experiment 2 was designed to test the effects of chronic morphine administration on the acquisition and extinction of contextual fear response. Behavior procedure also involved three phases: habitation, fear conditioning, and extinction training. During habitation phase, on the sixth day after the cease of last morphine or saline injection, rats were taken from their home cages and transported to the observation chambers for 30 min each without stimuli presented to habituate them to the observation chambers. The following day (day 0, fear conditioning phase), rats were taken from their home cages and transported to the observation chambers. The rats received 12 footshock trials (0.4 mA, 0.5 s duration) without tone presentation beginning 3 min after being placed in the chambers. The average intertrial interval was 60 s (range, 30-90 s). Thirty seconds after the final shock, the rats were returned to their home cages. Percent freezing time during each time block during which no footshock being presented was scored with a digital stopwatch from videotapes. Twenty-four hours after fear conditioning session (days 1-4, extinction training phase), rats received four extinction training sessions (one session per day). During each extinction session, rats were placed in the observation chambers for 10 min without stimulus presentation. The total time spent freezing on each 10 min extinction training session was scored.
Nociceptive Response Tests
Hot water tail-flick test. Two additional groups, which respectively received the same morphine or saline treatment as fear conditioning groups, were used to evaluate the somatic signs of spontaneous opiate withdrawal (see below) and the thermal nociceptive response by the hot water tailflick test. The hot water tail-flick test was conducted on day 7 after the last injection, a time point corresponding to fear conditioning. Rats were gently wrapped and handled 5 min per day for 2 days before testing to habituate the operation, and on testing day, rats were tested after 1 min habituation. The hot-water withdrawal latency was measured by immersing the final third of the tail into a 5270.51C water bath and the cutoff time was set at 8 s to avoid skin damage. The latency to the first sign of a rapid tail-flick was taken as the behavioral end point, and the onset latency of tail flick was recorded three times with 1 min intervals.
Locomotor activity test. In addition to thermal nociceptive response, we also evaluated the rat's locomotor activity as a measure of nociceptive response to footshock. The digital videos of cued fear conditioning were analyzed off-line. During 1 s duration, starting with each footshock occurrence, the distance of each rat traveling in the conditioning chamber was analyzed by the commercial software provided by Shanghai Jiliang Software Technology Co. Ltd, Shanghai, China.
Measurement of Somatic Signs of Spontaneous Opiate Withdrawal
Twenty-eight hours after the last morphine or saline injection, rats were placed in a transparent cylinder (35 cm diameter, 50 cm height) for 18 min and somatic signs of opiate withdrawal were quantified by direct observation after 3 min habitation period. An experimenter blind to the drug treatment condition scored rat behavior. During the 15 min monitoring period, wet dog shake, paw tremor, and mastication behaviors were recorded as number of events occurring, and ptosis events were recorded as number of 3 min intervals in which they occurred. Withdrawal behaviors were also assessed 7 days after the last injection, a time point corresponding to fear conditioning.
Statistical Analyses
Percent freezing values on fear conditioning session (group Â trial), extinction training session (group Â session), and during 3 min duration before the first tone presentation on conditioning session and each extinction training session (group Â session), and locomotor activity to footshock (group Â trial) were analyzed using two-way repeated-measures ANOVA. Post hoc comparisons were performed with the Tukey HSD method. Percent freezing values during the first 29.5 s duration of the first tone presentation on cued fear conditioning session were analyzed using Student's t-test. Additionally, Student's t-test was also used to analyze the significance in the hotwater withdrawal latency and morphine withdrawal signs measurements. All data are represented as mean7SEM. Significant level was set at po0.05.
RESULTS
Experiment 1: Acquisition and Extinction of Cued Fear Response
Chronic morphine did not significantly alter the acquisition of conditioned fear response to tone. Figure 1a presents percent freezing to tone for each trial on fear conditioning session. Freezing responses increased rapidly across first three trials and then reached a plateau. Overall, percent freezing varied significantly across trials (F (5, 90) ¼ 9.351, po0.001). No effect of group (F (1, 18) ¼ 0.0747, p40.05) or interaction of group and trial (F (5, 90) ¼ 0.832, p40.05) was present. Thus, by the last acquisition trial, the two groups showed equivalent fear learning.
During the extinction phase (Figure 1b) , the two groups presented a progressive decrease in the conditioned fear response across days (session, F (3, 54) ¼ 16.043, po0.001). However, the morphine-treated rats showed a significant increase in the levels of freezing than did the normal saline rats (group, F (1, 18) ¼ 5.403, po0.05). There was a significant effect of interaction of group and session (F (3, 54) ¼ 5.493, po0.01). Post hoc comparisons indicated that the two groups showed equal levels of freezing to tone on extinction session 1 and session 4 (both, p40.05). A significant difference in the level of freezing between the two groups was observed on extinction session 2 (po0.01) and session 3 (po0.05). These results indicated that chronic morphine impaired the between-session extinction of cued fear response.
Further, we analyzed whether chronic morphine affected the initial encoding of the extinction process. We compared rates of within-session extinction between the two groups ( Figure 1c ). The level of freezing for each rat at the beginning of extinction training was normalized to 100% for the first 3 days of repeated extinction training (Figure 1d ). Separate two-way repeated-measures ANOVA revealed that there was no significant difference between the two groups in the rate of within-session extinction on extinction session 1 (group, F (1, 18) ¼ 0.0351, p40.05), session 2 (group, F (1, 18) ¼ 0.572, p40.05), and session 3 (group, F (1, 18) ¼ 0.1344, p40.05), indicating that morphinetreated rats showed normal within-session extinction.
Experiment 2: Acquisition and Extinction of Contextual Fear Response
Figure 2a presents percent freezing to context for each time block during fear conditioning phase. Conditioned responses increased rapidly across first four blocks and then reached a plateau. A two-way repeated-measures ANOVA of percent freezing found no significant group effect (F (1, 18) ¼ 0.656, p40.05) or interaction of group and time block (F (12, 216) ¼ 0.878, p40.05), but a significant time block effect (F (12, 216) ¼ 9.617, po0.001), indicating that the two groups showed equivalent fear learning.
During the extinction training phase (Figure 2b ), although a two-way repeated-measures ANOVA revealed that these existed a significant effect of extinction session (F (3, 54) ¼ 13.038, po0.001), we found no significant difference in the levels of freezing between the morphine-treated rats and the normal saline rats (F (1, 18) ¼ 0.0184, p40.05) or interaction of group and session (F (3, 54) ¼ 0.276, p40.05). Thus, chronic morphine did not significantly affect contextual fear extinction.
Nonspecific Response Measurement
Nociceptive responses. There was no significant difference between the morphine-treated rats and the normal saline rats in the hot-water withdrawal latency (p40.05, Figure 3a) or the locomotor activity to footshock (F (1, 18) ¼ 0.0746, p40.05, Figure 3c ), suggesting that chronic morphine does not significantly affect nociceptive responses to thermal or footshock aversive stimuli.
Freezing response to tone or test chamber alone. These was no significant difference in freezing level either during first 29.5 s tone duration before the first footshock Figure 1 Effects of chronic morphine treatment on the acquisition and extinction of cued fear response in morphine-treated (n ¼ 10) vs normal saline (n ¼ 10) rats. Rats received a fear conditioning session on day 7 and four extinction sessions on days 8-11 after the last morphine injection. (a) Percent freezing to tone across fear conditioning trials. (b) Percent freezing to tone, averaging across all trials of one session, across extinction sessions. (c) Percent freezing to the tone was shown in blocks of two trials for four extinction sessions. Note that normal saline rats showed complete extinction by session 4, whereas morphine-treated rats showed poor recall of fear extinction even on session 4. (d) Normalization of percent freezing (100% ¼ percent freezing value of first trial block per rat) across blocks of two trials for the first three extinction sessions. Mor ¼ morphine-treated group, Sal ¼ saline group, Ses ¼ session. *po0.05, **po0.01 for comparisons between morphine-treated rats and normal saline rats. All data are represented as mean7SEM.
Chronic morphine and fear extinction C Gu et al presentation on fear conditioning session (p40.05, Figure 3b ) or during 3 min duration before the first tone presentation on fear conditioning session and extinction training sessions (F (1, 18) ¼ 0.3174, p40.05, Figure 3d ) between the two groups, suggesting that chronic morphine does not significantly influence unconditioned responding to tone or test chamber alone.
Somatic Signs of Spontaneous Opiate Withdrawal
Figure 4 presents somatic signs of spontaneous opiate withdrawal. We found that compared with the normal saline group, the morphine withdraw rats showed significant increases in wet dog shake (po0.001), paw tremor (po0.001), mastication (po0.001), and ptosis (po0.001), when withdrawal behaviors were assessed 28 h after the last morphine injection. However, there was no significant difference in signs of withdrawal (all p40.05) between the two groups when somatic signs were assessed 7 days after the last morphine injection, suggesting that morphine withdrawal is not still going on at the time of fear conditioning.
DISCUSSION
Although previous studies have shown the important role of opioids transmission in learning and memory, the present study is the first to demonstrate a specific effect of chronic morphine administration on the process of fear extinction, an Chronic morphine and fear extinction C Gu et al important preclinical model for behavior therapy of human anxiety disorders. Chronic opiate administration does not affect the acquisition of cued fear response or the initial encoding of extinction memory within each session, but does produce an impairment in the between-session extinction. The effect is related to past exposure to either opiates and/or opiate withdrawal but not to direct opiate withdrawal. However, the same treatment schedule does not affect the acquisition or extinction of contextual fear response.
Clinical and laboratory studies have demonstrated that opioid agonists produce not only analgesia but also enhance sensitivity to pain (hyperalgesia) (Mao, 2002) . This induction of hyperalgesia by chronic opiate treatment is a timedependent process (Celerier et al, 2001; Li et al, 2001 ). Our present results showed that chronic morphine did not produce a significant difference in nociceptive response measurements between the morphine-treated rats and the normal saline rats (Figure 3a and b) . Also, there was no detectable difference in freezing response to tone or test chamber alone between the two groups (Figure 3c and d) . Furthermore, 1-week morphine withdrawal did not affect the acquisition of cued or contextual fear response, but selectively impaired the between-session extinction in the cued task. Thus, it is unlikely that our results are due to nonspecific impairments that follow chronic morphine treatment.
Long-term opiate use may induce maladaptive plasticity in brain structures involved in learning and memory, such as the hippocampus (Eisch et al, 2000) . The hippocampus plays an important role in spatial and contextual learning (Holland and Bouton, 1999; Suzuki, 2006) . Chronic exposure to opiates can interact with the induction of hippocampal LTP (Harriosn et al, 2002; Ito et al, 2001; Mansouri et al, 1997 Mansouri et al, , 1999 Pu et al, 2002; Velisek et al, 2000) , and causes learning deficits in several maze tasks, which are dependent on the hippocampus (Pu et al, 2002; Spain and Newsom, 1991) . However, the present results indicate that chronic morphine does not impair the acquisition or extinction of contextual fear (Figure 2 ), a task that may require the hippocampus (Barad, 2005; Bouton, 2004; Corcoran et al, 2005) . Several factors might be responsible for the inability of chronic morphine to affect contextual fear acquisition or extinction. First, contextual learning is different from spatial learning in the nature of task. For example, 7-nitroindazole, a selective inhibitor of nNOS that prevents both hippocampal LTP induction (Doyle et al, 1996) and spatial learning in the Morris water maze , does not affect the acquisition or expression of contextual fear conditioning (Maren, 1998) . Second, it is possible that chronic opiate exposure interacts with the induction of LTP at some hippocampal synapses, but leaves LTP at other synapses intact. Third, hippocampal lesions do not invariably produce deficits in learning and memory for contextual fear (Maren et al, 1997; Phillips and LeDoux, 1994) , and contextual fear conditioning can be acquired in the absence of an intact hippocampus (Wiltgen et al, 2006) .
The prefrontal cortex (PFC) and the amygdala in general are considered as two important sites of the neural circuits related to fear extinction (Barad et al, 2006; Quirk et al, 2006; Sotres-Bayon et al, 2004 , 2006 . For example, lesions of mPFC produce selectively deficit in long-term fear extinction but not acquisition and initial extinction of conditioned fear (Quirk et al, 2000) . A similar deficit is observed when microinfusing a lentivirus encoding a dominant-negative TrkB to antagonize BDNF signaling into the amygdala (Chhatwal et al, 2006) . In the present study, we found a very similar pattern of deficit in long-term fear extinction in the morphine withdrawal rats. As showed in Figure 1d , chronic morphine did not affect rates of withinsession extinction of cued conditioned fear. In Figure 1c , the normal saline rats presented progressive decreases in the level of freezing during the first block of two trials across extinction sessions (a measure of retention). However, the morphine-treated rats showed fairly similar levels of freezing at the beginning of each extinction session, even after 4 day of extinction training ( Figure 1c) . The results suggest that chronic morphine does impair the long-term memory for fear extinction. Possibly, the morphine-treated rats may be not able to consolidate the extinction memory within each session, which makes long-term extinction memory unavailable for recall during subsequent sessions.
On the other hand, a growing body of data indicates an important role for the mPFC and the amygdala in mediating opiate addiction. For instance, acute opiate or opiate withdrawal affects levels of neurotransmitters such as dopamine, serotonin, and noradrenaline in the mPFC (Bassareo et al, 1995; Bland et al, 2003; Devoto et al, 2002) . Repeated opiate use decreases dendritic spine density on pyramidal cells in the mPFC (Robinson and Kolb, 1999) , a form of reorganization of structural plasticity that is possibly mediated by molecules regulating neuronal and synaptic structure (Lamprecht and LeDoux, 2004) . In the amygdala, acute opiate administration decreases levels of Chronic morphine and fear extinction C Gu et al activated mitogen-activated protein kinases (Eitan et al, 2003) , which have been implicated in synaptic plasticity (Sweatt, 2004) . Opiate withdrawal increases levels of phosphorylated cAMP response element binding (CREB) protein in the amygdala (Shaw-Lutchman et al, 2002) , and CREB may be critical for withdrawal-dependent synaptic plasticity (Nestler, 2001) . Thus, these structural and molecular adaptations induced by chronic morphine administration in the mPFC and the amygdala may contribute to the deficits in long-term cued fear extinction.
Cognitive-behavior therapy is widely used at present and remains to be one of the most effective therapies for pathological anxiety, such as phobias, panic, and posttraumatic stress disorder (PTSD) (Foa et al, 2002) . This therapy is based on fear extinction and usually involves exposure to fear-eliciting cues in a safe setting (Barlow, 2002) . Thus, understanding the neural mechanisms of fear extinction is considered to have important implications for the treatment of humans with anxiety disorders. Clinical observations have shown a link for the high comorbid rate between substance abuse and mood disorders, including pathological anxiety (De Graaf et al, 2003) . For example, there is a high prevalence of PTSD among opiate abusers (Price et al, 2004) . However, the biological basis bridging the gap between substance abuse and mood disorders is still unclear. Although the underlying mechanism of fear extinction deficit induced by morphine withdrawal remains to be elucidated, our present results have important clinical implications. Possibly, the deficit in fear extinction is one of those critical components that contribute to the high prevalence of anxiety disorders in opiate addicts, which implies that this approach could serve as a model for the study and treatment of anxiety disorders associated with opiate use.
